v" A computer-based system has been developed for the integration and display of computerized tomography (CT) image data in the operating microscope in the correct perspective without requiring a stereotaxic frame. Spatial registration of the CT image data is accomplished by determination of the position of the operating microscope as its focal point is brought to each of three CT-imaged fiducial markers on the scalp. Monitoring of subsequent microscope positions allows appropriate reformatting of CT data into a common coordinate system. The position of the freely moveable microscope is determined by a non-imaging ultrasonic rangefinder consisting of three spark gaps attached to the microscope and three microphones on a rigid support in the operating room. Measurement of the acoustic impulse transit times from the spark gaps to the microphones enables calculation of those distances and unique determination of the microscope position. The CT data are reformatted into a plane and orientation corresponding to the microscope's focal plane or to a deeper parallel plane if required. This reformatted information is then projected into the optics of the operating microscope using a miniature cathode ray tube and a beam splitter. The operating surgeon sees the CT information (such as a tumor boundary) superimposed upon the operating field in proper position, orientation, and scale.
I
NTEGRATION of preoperative imaging information into the surgical field has conventionally been an intuitive process on the part of the operating surgeon. Computerized tomography (CT)-adapted stereotaxy and intraoperative ultrasonography are two techniques currently employed to improve upon this. While successful in mechanically linking the coordinate space of an imaging technique with the operative field, current stereotaxic systems are encumbered with instrumentation such as a frame attached to the patient's head, interference with access to the surgical field, additional CT scanning, and requisite familiarity with stereotaxic techniques. Intraoperative ultrasonography, also a technique of proven usefulness, carries its own encumbrances including a distinctness of its imaging information from usual preoperative studies.
To improve the integration of imaging data with the operative procedure, we have developed a system in which preoperative CT data are superimposed in proper position, orientation, and scale on the surgical field through the optics of the freely moveable operating microscope. While in principle this system is a stereotaxic technique, it requires no mechanical linkage such as a frame.
Materials and Methods

System Design
Reformatting and projection of CT data into the focal plane of the operating microscope require registration of the CT data and the optical axis of the microscope in a common coordinate space. This is accomplished by a set of fiducial markers that are visible on the CT image and through the optics of the microscope. The CT imaging is performed with at least three radiopaque 5-mm beads attached to the patient's scalp, and the resultant images are reviewed by the neurosurgeon for selection of visualized structures of interest. Outlined contours and fiducial positions are then stored for subsequent reformatting.
The position of the operating microscope is determined by means of an acoustic three-dimensional referencing system.~ Three microphones are mounted on a rigid support and define a coordinate system for the operating room. Precise measurement of the time of transit of an ultrasonic pulse from a spark gap on the microscope to a microphone attached to the support allows calculation of that distance, and a configuration of three spark gaps on the microscope and the three microphones enables the unique determination of the microscope's position in the microphone coordinate system.
At the start of an operative procedure, the operating microscope is focused sequentially on each of the fiducial positions previously employed during the CT scanning, and the microscope's position is determined for each fiducial marker using the acoustic localizer. In this manner, registration of the CT data in the known microphone coordinate space is achieved, and the relationship between the CT data and the microphone coordinate system is described by a transformation matrix. At any subsequent time during the operation, the operating microscope may be freely positioned as in conventional practice. If projection of the CT data into the microscope is desired, the acoustic localizer is activated, a new focal plane is determined, and the CT information is appropriately reformatted.
The reformatted CT-derived contour is fed into the operating microscope through a miniature cathode ray tube (CRT) attached to a beam-splitting assembly.l The resulting image seen by the surgeon is a superimposition of the CT contour on the operative field. This procedure can be repeated whenever the microscope is repositioned. In addition, the information from any specified plane above or below the focal plane can be similarly displayed.
Computerized Tomography Data File
Prior to CT scanning at least three points are selected on the part of the patient's head that will be accessible to both the CT scanner and the operating microscope. These points are marked with indelible ink (or tattooed, as is done for radiation therapy), and 5-mm glass beads are fixed to the scalp at these points with transparent tape. Computerized tomography scanning is then performed on a GE 8800 scanner* using a conventional nonstereotaxic head-holder. Although subsequent image accuracy is inversely related to slice thickness, the re-formation algorithms impose no constraints upon such thickness beyond its uniformity.
The magnetic tape containing CT information is transferred to a GE RT Plan I systemt conventionally used in treatment planning for radiation therapy. On this system the CT images are displayed and structures of interest are outlined using a trackball and standard programs of the GE RT Plan. Fiducial positions are registered at this time. The processed data are now transferred through two intermediary computers to another computer (an IBM PC XT)~; located in the operating room. Although indirect and relatively slow, this arrangement uses available computing resources and * Scanner, Model 8800, manufactured by General Electric Co., Medical Systems Group, Milwaukee, Wisconsin.
t GE RT Plan I system manufactured by General Electric Co., Medical Systems Group, Milwaukee, Wisconsin.
IBM PC XT computer manufactured by International Business Machines Corp., Boca Raton, Florida.
D. W. Roberts, et al.
has been reliable. The system is presently being adapted to operate from a single MicroVax computerw located in the operating room.
Microscope Spatial Registration
A three-dimensional sonic digitizer is used which consists of three spark gaps and four microphones, three of which are active at any one time. ]] The spark gaps are mounted in a 30-cm triangular array on a Plexiglas Y-shaped bracket ( Fig. 1 upper left) which can be sterilized with gas and attached to a draped Zeiss OpMi-1H microscope* at the level of the objective lens ( Fig.   1 upper right) . The microscope is mounted on an unmodified Contraves floor stand.t The point microphones are fixed in a rectangular array over the operating field. Accuracy of the system is related to the distances and orientation of the spark gaps and the microphones, and the only constraints on the actual configuration of the array are that the slant ranges between the spark gaps and at least three microphones be unobstructed and less than 250 cm.
When activated, each spark gap generates a short audible wide-band sound pulse. Temperature-regulated high-frequency counters are simultaneously activated and then stopped when the microphones detect a 55-to 60-kHz signal. Each spark gap is fired a fixed number of times (typically 100 to 150) with the sequence between spark gaps controlled by a multiplexer. The entire sequence of three spark gaps takes less than 20 seconds.
The relationship between the microscope spark gaps and the focal plane is determined by first focusing (and registering) the microscope on a fourth spark gap. The position of the fourth spark gap relative to the microphones has been established independently using the ultrasonic localizer. With the aid of a standard microscope adjustment feature, the microscope is then moved the maximum distance along its optical axis and fixed a second time. The focal point and this defined line, perpendicular to the focal plane, define a plane corresponding to the focal plane of the microscope. A test procedure superimposing an optical image on a test pattern confirms, and allows final adjustment of, the proper orientation and scale of the optical projection. The relationship between the spark gaps and the focal plane remains constant throughout the operative procedure and does not have to be redefined.
Re-Formation Algorithm
Display of appropriate CT information in the microscope during an operative procedure requires both de- termination of the location of the microscope's focal plane and appropriate reformatting of CT data into an oriented and scaled plane that corresponds to the focal plane of the microscope. Locating the focal plane of the microscope is accomplished using the ultrasonic localizer and the known relationship between the spark gaps and the microscope's focal plane. A transformation matrix generated from the registration of the CT-imaged fiducial markers, as above, allows calculation of the focal plane in CT coordinates. A search algorithm then finds those boundary elements, selected on the GE RT Plan I system, that intersect the image plane. These intersection points are connected to form the contour that is to be displayed.
The image display program formats these contour data for display on the IBM PC XT monitor and the CRT mounted on the microscope. This program has the capability of scaling, translating, and rotating the image, which allows the necessary initial optical alignment of the CRT, and also provides a useful option of fine adjustment (based on any visual feedback) during the operative procedure.
Optical Display Component
The display component of the system consists of a miniature CRT (conventionally used as the viewfinder on a video camera) interfaced with the optics of the operating microscope through a beam-splitting assembly (Fig. 1 lower) . The composite video signal from the IBM PC XT is displayed on the black-and-white CRTz~ which measures 38 mm diagonally and weighs approximately 500 gm. This CRT is connected to a modified 50/50 binocular beam-splitting assembly generally available as a medical illustrator's drawing tube.w A prism within this assembly directs the CRT image into both oculars.
Test Procedures
The accuracy of various system components as well as that of the entire system has been investigated. Direct measurements of the precision (repeatability) and accuracy (true value) of the digitizing localizer slant range values have been made using repetitive trials and precision calipers. The localization accuracy of the localizer-microscope subunit has been assessed using a precision-milled test block of Plexiglas, measuring 18 • 10 x 10 cm, on which fiducial points, test points, and test triangles have been inscribed with 0.0025-cm accuracy. With registration of the microscope on these fiducial points and subsequent focusing on a test point, the error of the system relative to the known location of the test point can be determined. The triangle infor-CRT, Model vf-1900, manufactured by the JVC Corp., Maspeth, New York.
w Beam-splitting assembly, Model 474622, manufactured by Carl Zeiss, Inc., Thornwood, New York. mation of the same phantom is contained in a data file that simulates CT slices, allowing assessment of the localizer, microscope, data re-formation, and optical projection components. With similar registration of the microscope on the phantom's fiducial points and subsequent focusing on a triangle, the accuracy and precision of the projection's superimposition can be analyzed.
A second phantom, consisting of a Lucite shell on which four glass bead fiducial markers have been glued and within which a staircase-shaped Lucite block is positioned, allows simulation of an operative procedure and assessment of the whole system. Computerized tomography scanning with non-overlapping 5-mm slices has been used with this phantom. System error arising from the sensitivity of the algorithm to localizer slant range error and the spark gap to microphone configuration has been investigated theoretically using computer simulations.
Clinical Experience
Initial clinical experience with this system has been limited to operative procedures not dependent upon its accuracy and has included craniotomies for meningioma and glioblastoma multiforme. The goals of these trials have been assessment of the feasibility of using this system in the actual operating room environment and determination of the quality of the optical projection component.
Results
Laboratory Findings
Direct measurements of the precision of the digitizer's slant range values showed that it met the manufacturer's specifications of + 0.1 mm with a maximum deviation of 0.06 mm. The accuracy appeared to meet the specification of __+ 0.1%, but analysis was limited by the accuracy of the precision calipers. Phantom testing of microscope localization in the operating room with the precision-milled block yielded accuracies ranging from 0.7 to 6 mm, and a mean accuracy of less than 2 mm (Fig. 2) . Simulation of the operative procedure with the second phantom generated similar errors, with the usual image displacement being about 5 mm. Computer simulation of all possible slant range errors and various spark gap-to-microphone configurations generated accuracies for focal point localization of 1 to 3 mm.
Clinical Experience
The clinical setting has imposed no significant additional difficulties. In one instance acoustic interference required turning off the wall suction unit during one 20-second microscope localization. The fiducial markers have proved reliable and have allowed the CT scanning to be performed any number of days prior to the operative procedure. The optical projection system has provided easily visualized contours and has not diminished the quality of the conventional operative field image (Fig. 3). D. W. Roberts, et al.
FIG. 2.
Graph showing the mean accuracy of the acoustic localization system determined by using test points (F1,2,3; T2,3,5) on a precision-milled Plexiglas test block.
Discussion
Computerized tomographic imaging has generated increased interest in stereotaxic techniques, and a considerable number of CT-adapted stereotaxic systems have evolved. Nonfunctional stereotaxy has proliferated most for biopsy and implantation surgery; occasionally the systems have been combined with more extensive open craniotomy procedures. More sophisticated instrumentation has been developed by Shelden, et al., 5 and Jacques, et al., 2 and the potential for computer capability to link imaging systems, stereotaxic principles, and the operating microscope has been eloquently demonstrated by Kelly and colleagues. 3, 4 The reference-display system reported in this paper extends the stereotaxic integration of imaging data and operative technique by broadening its clinical applicability and by removing some of the encumbrances of stereotaxic equipment. The concept enables any neurosurgical procedure in which the operating microscope might be used to incorporate the potential benefit of precise stereotaxic guidance. Obvious capabilities include preoperative planning regarding the limits of tumor resection and avoidance of more important structures, and accurate execution of the procedure planned. Guidance to small lesions such as solitary metastases for excisional biopsy can be readily obtained by the display of planes or projections deep to the actual focal plane. The accompanying distance projections that specify the depth and displacement of selected target centers from the center of the focal plane may similarly improve the surgeon's orientation.
The concept of monitoring the position of the operating microscope allows the optical axis (and in effect the surgeon's vision) to serve as a stereotaxic probe. In the manipulation of coordinate space, the position Frameless stereotaxic integration of CT and operating microscope of the microscope remains an independent variable and the imaging data are dependently reformatted (the reverse of standard stereotaxic delivery systems). This allows free movement of the operating microscope as in any microsurgical procedure. In addition, the acoustic localization technique eliminates any potentially restrictive mechanical linkage with the operative field. These features and the elimination of a stereotaxic frame provide the neurosurgeon with a new capability, whether or not he has familiarity, expertise, or interest in stereotaxic techniques.
A number of refinements and added capabilities are under development to improve the prototype built to illustrate the concept. While a personal computer can run the system, dedication of a more powerful computer to the operating room will enlarge the data base, speed reformatting, and improve graphics capability. Incorporation of multiple imaging techniques, including magnetic resonance and angiography, and of an anatomical atlas into such a data base will expand its utility.
The ability of an acoustic localization technique to achieve satisfactory accuracy appears feasible, and methods of further improving accuracy are under investigation. Present localization algorithms have shown an accuracy of several millimeters. How much further this error can be reduced remains to be determined.
Investigation of other technologies to monitor microscope position, such as electromagnetic or optical range finders, and refinement of the microscope and its stand may well improve accuracy and facilitate use of the system. While the present degree of error shown for this system exceeds that of current CT-adapted stereotaxic frames, the application of the technique in open procedures for guidance to relatively large structures (as opposed to the delivery of instruments to thalamic nuclei or other deep structures) appears to be reasonable and more accurate than unguided technique.
